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On the role of disorder on graphene and graphene nanoribbon-based vertical tunneling transistors In this work, the characteristics of vertical tunneling field-effect transistors based on graphene (VTGFET) and graphene nanoribbon heterostructure (VTGNRFET) in the presence of disorder are theoretically investigated. An statistical analysis based on an atomistic tight-binding model for the electronic bandstructure along with the non-equilibrium Green's function formalism are employed.
We study the dependence of the averaged density of states, transmission probability, on-and offstate conductances, on/off conductance ratio, and transfer characteristics on the substrate induced potential fluctuations and vacancies. In addition, the variabilities of the device characteristics due to the presence of disorder are evaluated. It can be inferred from the results that while introducing vacancies cause a relatively modest suppression of the transmission probability, potential fluctuations lead to the significant increase of transmission probability and conductance of the device. Moreover, the results show that the transport properties of VTGFET are more robust against disorder compared to VTGNRFET. Graphene-based nanoelectronic devices have attracted a tremendous research interest due to the excellent electronic, optical, and mechanical properties. 1 The absence of an energy bandgap, however, results in high off-state leakage current and a relatively low on/off current ratio, which in turn limits the application of graphene FETs (GFETs) for digital applications. The limitations of conventional GFETs have motivated researchers to focus on new structures such as graphene-based heterostructures.
2, 3 Recently, a graphene tunneling FET based on a vertical graphene heterostructure (VTGFETs) has been proposed. 4 The source and drain contacts of this structure are made of a monolayer of graphene and the tunneling barrier is composed of hBN or MoS 2 . 4 VTGFETs exhibit roomtemperature switching ratios of %50 and %10 000 for hBN and MoS 2 , respectively. 4 The operation of this device is based on the voltage tunability of the density of states (DOS) in graphene and of the effective height of the tunneling barrier.
In order to properly evaluate the applicability and assess the performance of VTGFETs and VTGNRFETs, the effects of non-idealities should be investigated. Such effects have been extensively studied for conventional GFETs and GNRFETs. [6] [7] [8] Such analysis, however, is missing for VTGFETs and VTGNRFETs. In this paper, we present a comprehensive study of the influence of various sources of disorder on the characteristics of VTGFETs and VTGNRFETs. We employ an atomistic tight-binding model along with the nonequilibrium Green's function (NEGF) formalism over an ensemble of many statistically generated devices.
The paper is organized as follows: after a brief introduction in Sec. I, the device structure and the operational principle are briefly explained in Sec. II. In Sec. III, the models and numerical methods are described. The roles of substrate charged impurities and vacancies on the characteristics of VTGFET and VTGNRFET are discussed in Sec. IV and concluding remarks are presented in Sec. V.
II. DEVICE OPERATION PRINCIPLE
The sketch of a VTGFET/VTGNRFET is shown in Fig.  1(a) where the source and drain contacts are assumed to be monolayers of graphene/GNR. A few layers of hBN (N ¼ 2 À 6) serve as the tunneling barrier between the source and drain contacts. A 300 nm layer of SiO 2 , that corresponds to experimental structure in Ref. 4 , is used as the gate oxide. The applied gate voltage, V G , controls the tunneling current between source and drain by modulating the tunneling barrier height and carrier concentration. A positive gate-source voltage increases the concentration of electrons and results in n-type operation corresponding to off-state, see Fig. 1(c) , whereas a negative gate-source voltage leads to p-type device operation and switches on the device, see Fig.  1(d) . The drain-source bias voltage, V B , gives rise to the tunneling current through the hBN layers. In VTGFET with ideal graphene and hBN sheets, the valence and conduction band edges of hBN are at energies of À1.4 eV and 3.34 eV, respectively [see Fig. 1(b) ]. The current of carriers with energies between À1.4 eV and 3.34 eV is due to tunneling and thermionic otherwise. As shown in Fig. 1(e) , a similar operation principle holds for VTGNRFETs except a parabolic dispersion relation and the presence of an energy gap, which leads to a smaller off-current. 
III. MODELS AND METHODS

A. Tight-binding model and transport equations
An atomistic tight-binding model (Table I ) along with the NEGF formalism 11 are employed for a quantum mechanical description of carrier transport in VTGFET and VTGNRFET. As shown in Fig. 2(a) , a two-electrode structure is assumed for improved electrical characteristics. 5 All hBN layers are arranged in the Bernal (AB) stacking.
To study VTGFETs, where the source and drain graphene sheets are infinitely extended along the transverse direction, a periodic boundary condition can be imposed. 5, 13 Implementation of periodic boundary conditions using kspace formalism, however, does not allow to model graphene sheets with disorders. To circumvent this problem, one can treat the edges as virtual contacts with appropriate self-energy matrices. 12 For this purpose, the structure shown in Fig. 2(b) can be used. In this structure, a single monolithic virtual contact surrounds the central device region. This open-boundary condition can be modeled by a selfenergy (R inf ) that can be obtained from the boundary-free real-space Green's function of a graphene sheet without disorder. 12 To find the boundary-free real-space Green's function, one should first evaluate the Green's function in k-space corresponding to the infinitely extended system. 5 The retarded Green's function of the device with four contacts reads as
(1) k y ¼ 2np=W represents the transverse wavevector, where n is an integer, W ¼ Na 0 is the width of the device, a 0 ¼ ffiffi ffi 3 p a c-c is the width of the graphene unit cell, and a c-c is the bonding length of carbon atoms in graphene. In this work, we used N ¼ 64 and n ¼ ½À32; 31. R S1;S2 and R D1;D2 in Eq.
(1) are the self-energies of the source and drain contacts in kspace. By inverse Fourier transforming over the transverse wavevector, the real-space Green's function for the central device region is obtained as
where R m and R n represent the position of atoms in the central device region. The size of G is N Â N, where N is the number of atoms in the central region. The summation in Eq.
(2) is performed on 64 equidistant grid points for the transverse wavevector k y . Using the real space Green's function and the Hamiltonian of the central device region, the openboundary self-energy is obtained
Knowing the open-boundary self-energy, the Green's function can be calculated
The electrostatic potential and other sources of potential perturbation, such as charged impurities, in the central device region are included in U. Knowing the retarded Green's function, the transmission probability between the contacts j and k can be evaluated
where 
where f(E) is the Fermi function. The total current between the source and drain contact is I ¼ P j;k I jk . In the linear response regime, the conductance of the device can be approximated by
where G 0 ¼ 2e 2 =h. Room temperature operation is assumed in this work. The electrostatic potential is self-consistently evaluated using the approach described in Ref. 14.
B. Disorder model
Even high quality SiO 2 substrates contain an impurity concentration of about 10 11 cm À2 . Charged impurities result in potential fluctuations on the graphene/GNR sheets. In order to describe these potential fluctuations, a random Gaussian potential profile is widely used
where Uðr i Þ is the effective induced potential due to N imp impurities. These impurities are centered at random lattice sites R n , which their distance from the source graphene sheet (Z n ) is assumed to be between 0 and 2 nm. U n is the amplitude of induced potential of each impurity, which lies between 50 meV and 150 meV. 16, 17 n > a 0 is the correlation length or the potential range, which is considered between 1a 0 and 5a 0 (a 0 ¼ ffiffi ffi 3 p a c-c ¼ 2:46Å is the lattice constant). The effect of substrate charged impurity is added to the diagonal elements of the central region Hamiltonian H. Three cases for charged impurities have been considered. First, both negative and positive charged impurities are considered. Second, only positive charges and finally only negative charges are included. These three profiles are denoted by PN, P, and N labels, respectively.
The vacancies are modeled by randomly removing of carbon atoms in graphene and GNR sheets, which is denoted by VC, or boron and nitrogen atoms in hBN sheets, which is denoted by VBN. The ratio of the removed atoms to the total number of atoms in each sheet is represented by P V . In the Hamiltonian of the device, the hopping parameters of removed atoms are set to zero.
IV. RESULTS AND DISCUSSIONS
VTGFETs are examined with 2, 4, and 6 layers of hBN and VTGNRFETs are investigated for GNR widths of 2 nm and 3.4 nm. All hBN sheets are arranged in the Bernal (AB) stacking. Assuming an interlayer distance of 3.5 Å , 9 the thickness of the hBN dielectric lies in the range of 1-2.5 nm. In addition to the geometrical parameters, the effect of disorder type and strength on the device characteristics is studied. The applied gate voltage is limited by the gate oxide breakdown, which is about 1 V/nm for SiO 2 . The drainsource bias voltage is limited to about 1.4 V. For a given set of geometrical and disorder parameters, 100 samples are stochastically generated. Using Eq. (7), the conductance of each device is separately evaluated, then by performing an ensemble average over all samples the average conductance is evaluated. The on-state conductance is defined at E F ¼ À1 eV, which is located in the hole-dominated regime, while the off-state conductance is calculated in the electrondominated regime at E F ¼ 3 eV. In VTGNRFETs, in addition to G off 1 which is evaluated at E F ¼ 3 eV, G off 2 is calculated in the middle of energy bandgap, E F ¼ 0 eV, which results in a relatively smaller off-state conductance and a larger on/off conductance ratio (G on =G off 2 ) in comparison with VTGFETs.
A. Substrate induced potential fluctuations Fig. 3 presents the effect of potential fluctuations with PN, P, and N charges on the transmission probability and DOS of a VTGFET and a VTGNRFET with 6 layers of hBN and GNR width of 2 nm at flat band condition. Positive charged impurities decrease the tunneling barrier for holes, whereas negative ones decrease the tunneling barrier for electrons. In armchair nanoribbons, where the ground state is non-magnetic and on-site potentials are initially assumed to be zero, even in the presence of weak potential fluctuations, the DOS and transmission probability are significantly affected. 8, 18 In a VTGNRFET, localized states with non-zero DOS exist in the bandgap which can be attributed to potential wells formed by fluctuations. 18 These states increase the off-state conductance.
It is worthwhile to note that charge trapping can occur during the operation and can influence the potential distribution and the device characteristics. This charge trapping is mostly due to positive and negative bias temperature instability (BTI), which is the most reliability concerns in the nanodevices and create both oxide as well as interface traps (ITs). BTI in VTGFETs can be understood using standard methods previously developed for Si technologies, if the degradation dynamics are expressed in terms of a Dirac point voltage shift and modulation of carrier concentration and tunneling current rather than a threshold voltage shift. 19 As shown in Figs. 3(e) and 3(f), the influence of charged impurities can be simply explained in analogy to the effect of an extra applied gate electric field, which results in the change of carrier concentration and tunneling current. The modeling of the NBTI by the use of a gate voltage source has been proposed and implemented for Si-MOSFETs. 20 Fig . 4 shows the effect of the correlation length and the position of impurities on the transmission probability. As the correlation length is an indication of the effective potential range, the number of atoms which are affected by charged impurities increases with this parameter. Fig. 4(a) shows that as n increases the effective tunneling regime is reduced and the device is more affected by charged impurities. The comparison of transmission probabilities shown in Fig. 4(b) demonstrates that as Z n decreases-corresponding to impurities being located closer to the graphene or GNR's plane-the device is more influenced by charged impurities. Fig. 5 presents the on-, off-state conductances, and on/ off conductance ratio of a VTGFET and a VTGNRFETs as a function of the potential fluctuation strength. In the presence of P charges, because of the decrease of the hole tunneling barrier, the weight function @f =@E in Eq. (7) encompasses the thermionic regime transmission [cf. transmission curves around E ¼ À1 eV in Figs. 3(a) and 3(c) ]. Therefore, the onstate conductance significantly increases with disorder strength and the off-state conductance, which is dominated by the electron tunneling, is slightly reduced due to moderate variation of the electron tunneling barrier. On the other hand, an increase of N charges decreases the on-state conductance and enhances the off-state conductance. For larger values of negative charged impurities, the polarity of the device is reversed, see Figs. 5(c) and 5(f). The influence of PN charges can be explained as the superposition of P and N charges. The off-state conductance of VTGNRFET, which is estimated in the middle of energy bandgap (G off 2 ), increases with P and PN charges. This behavior is attributed to midgap states induced by charged impurities. In the case of N charge, however, due to the reduction of the transmission in the hole tunneling region G off 2 varies smoothly.
The transmission probability and on/off conductance ratio for many samples and the average transmission probability and on/off conductance ratio of a VTGFET in the presence of potential fluctuations with positive (P) charges are shown in Fig. 6 . The standard deviations of the on/off conductance ratio as a percentage of the average value in the presence of P charges are 29.2% and 15.1% for a VTGFET and VTGNRFET with a width of 2 nm, respectively. The relative change 21 in the on-and off-state conductances of VTGFET at various numbers of hBN layers in the presence of charged impurities is listed in Table II . Devices with thicker hBN dielectric are more influenced by potential fluctuation and exhibit larger relative changes in the conductance. As the thickness of hBN dielectric increases, the charged impurity induced potential difference between the source and drain graphene/GNR sheets increases. For a better comparison, Fig. 7 compares the transfer characteristics of VTGFET and VTGNRFET with a width of 2 nm in the presence of P, N, and PN charges. The increase of the tunneling current by P and PN charges is related to the reduction of the hole tunneling barrier and also the formation of mid-gap states [see Fig. 3(c) ].
B. Vacancy
Figs. 8 and 9 indicate the averaged DOS and transmission probability of VTGFET and VTGNRFET, respectively, with 6 layers of hBN at various percentage of vacancies of carbon atoms (VC) and vacancies of boron and nitrogen atoms (VBN). By introducing vacancies in a graphene sheet, non-dispersing (flat) bands appear near the Fermi level. These bands arise from the localization of charges and dangling bonds around the vacant sites. 22, 23 Furthermore, in the presence of vacancies, the crossing of the valence and conduction bands at the K-point and the electron-hole symmetry of graphene are removed. The linearly dispersing valence and conduction bands observed in perfect graphene are shifted away from the charge neutrality point. 22, 24 Therefore, in defected devices, an increase in the transmission probability in the electron-dominated regime and a decrease of that in the hole-dominated regime occurs. 22, 24 On the other hand, the increase of vacancies reduces the number of available atomic sites and vanishing of hopping between the atomic orbitals. Therefore, as P V increases the transmission probability of VTGFET decreases. Vacancies reduce the effective width of GNRs and result in the increase of energy bandgap, see Fig. 9(a) . However, midgap states induced by vacancies increase the transmission probability within the bandgap. The small peaks of the transmission probability in the bandgap are due to hopping between localized states. 25 During the CVD growth, vacancies can be formed in hBN sheets, 26 which in turn enhance defect-assisted tunneling. [27] [28] [29] This can be observed as the increase of the transmission coefficient at some energy points, which are in accordance with the peaks of the DOS of hBN sheets [see Figs. 8(c) and 8(d) ]. In the presence of boron vacancies, the dangling bonds of neighboring nitrogen atoms produce localized states. Density functional theory calculations show that vacancy of boron produces four localized defect states: one at the Fermi level, one around À0.6 eV in the valence band, and two states around 1 eV in the conduction band. The defect state at Fermi level has r-bonding characteristics and, therefore, it has negligible hybridization with the graphene states with p-bonding characteristics. 30 Due to boron defects, electron transfer takes place from graphene to hBN and the Fermi level decreases. 30 In the case of nitrogen vacancy, however, about one electron is donated from hBN to graphene and the Fermi level increases and graphene becomes n-doped. Nitrogen vacancy results in three localized states: one around Fermi level and two around 1 eV that are nearly degenerate. 30 Furthermore, due to the presence of dangling bonds, a larger DOS of defected hBN in comparison with perfect hBN is observed at energies higher than about 2.5 eV (Refs. 31 and 32) [see the inset of Figs. 8(d) and 9(d) ]. This effect results in a higher transmission in defected devices at this energy range and leads to the modest raise of G off in VTGFET and G off 1 in VTGNRFET with P V . At energies lower than 2.5 eV, the transmission probability decreases due to vanishing of hopping between the graphene and hBN layers at some points. Fig. 10 depicts the on-and off-state conductances and on/off conductance ratio for defected VTGFET and VTGNRFET. As mentioned before, a defected VTGFET exhibits a lower on-state and a larger off-state conductance. In a VTGNRFET in the case of VC, induced midgap states result in a small increase in G off 2 . On the other hand, the increase of the bandgap with P V reduces the transmission in the on-state. Therefore, on-state conductance exhibits a maximum at P V ¼ 5%. Before the maximum point, the effect of midgap states dominates, whereas at larger vacancy percentages the effect of bandgap increase dominates [see Fig.  9(a) ]. In the case of vacancy of boron and nitrogen atoms (VBN), due to uniform suppression of the transmission in the on-state and bandgap energy range, the G on and G off 2 decrease as the vacancy percentage increases. On the other hand, because of a larger transmission probability of defected devices in the off-state tunneling region, G off and G off 1 increase with P V [see Figs. 8(c) and 9(c)].
The influence of vacancies on the relative change in the on-and off-state conductances is compared and summarized in Table III . A VTGNRFET with a wider ribbon is only weakly affected by vacancies in comparison with the narrower one. As the ribbon's width increases, the effect of midgap states is less pronounced and the relative change of the conductance decreases. 33 Therefore, VTGFETs are more robust against vacancies compared to VTGNRFETs. The maximum standard deviations of the calculated on/off conductance ratios for 2 nm wide VTGNRFET are 25% and 30.7% for VC and VBN, respectively, and those for VTGFET are 21.5% and 22%.
The effect of introducing vacancy on the transfer characteristics of VTGFET and VTGNRFET in the cases of VC and VBN is depicted in Fig. 11 . Defect-enhanced tunneling in the case of VBN defected VTGFETs results in larger tunneling current, especially in the off-state. On the other hand, due to the appearance of midgap states in VC defected VTGNRFETs, the off-current is considerably larger than VBN defected devices. However, due to the increase of the effective bandgap in the presence of VC, the off-current decreases and cannot exceed that of a perfect device.
V. CONCLUSION
We performed a comprehensive statistical analysis to unfold the effect of substrate induced potential fluctuations and vacancies on the characteristics of vertical tunneling FETs based on graphene and GNR heterostructures. To capture atomistic nature of disorder and also quantum transport in such devices, an atomistic tight-binding band structure model along with the non-equilibrium Green's function formalism are employed. The results indicate that the characteristics of VTGFETs are more robust against disorder compared to VTGNRFETs. In the presence of potential fluctuations, the tunneling current significantly increases, due to increased induced voltage difference between graphene/ GNR sheets. In contrast, introducing vacancies reduces the number of available atomic sites and vanishing of hopping between the atomic orbitals and as a consequence reduces the conductance and tunneling current of the VTGFET and VTGNRFET devices. However, introducing vacancies in VTGNRFET can lead to enlargement of energy bandgap and induces midgap states, which increases the transmission probability within the bandgap. The results show that an accurate study of VTGFETs and VTGNRFETs includes a careful consideration of defect-enhanced tunneling.
